Regulation of adipogenesis is of major interest given that adipose tissue expansion and dysfunction are central to metabolic syndrome. Glucocorticoids (GCs) are important for adipogenesis in vitro. However, establishing a role for GCs in adipogenesis in vivo has been difficult. GC receptor (GR)-null mice die at birth, a time at which wild-type (WT) mice do not have fully developed white adipose depots. We conducted several studies aimed at defining the role of GC signaling in adipogenesis in vitro and in vivo. First, we showed that GR-null mouse embryonic fibroblasts (MEFs) have compromised ability to form adipocytes in vitro, a phenotype that can be partially rescued with a peroxisome proliferator-activated receptor g agonist. Next, we demonstrated that MEFs are capable of forming de novo fat pads in mice despite the absence of GR or circulating GCs [by bilateral adrenalectomy (ADX)]. However, ADX and GR-null fat pads and their associated adipocyte areas were smaller than those in controls. Second, using adipocyte-specific luciferase reporter mice, we identified adipocytes in both WT and GR-null embryonic day (E)18 mouse embryos. Lastly, positive perilipin staining in WT and GR-null E18 embryos confirmed the presence of early white inguinal and brown adipocytes. Taken together, these results provide compelling evidence that GCs and GR augment but are not required for the development of functional adipose tissue in vivo. (Endocrinology 159: 2050(Endocrinology 159: -2061(Endocrinology 159: , 2018 O besity is associated with an increased risk of cardiovascular disease and type 2 diabetes mellitus and involves an expansion of adipose depots by an increase in cell size (hypertrophy) and cell number (hyperplasia) (1). The latter process requires the differentiation of preadipocytes within the stromal vascular fraction into mature brown or white adipocytes capable of serving as a lipid storage reservoir and regulator of energy homeostasis (2). Importantly, the expansion of fat mass by accumulation of small, metabolically healthy adipocytes may circumvent the development of insulin resistance and other complications of obesity (3, 4). Thus, an understanding of the mechanisms regulating adipogenesis is critical to the development of novel approaches to treat and prevent the development of dysfunctional adipocytes in the setting of obesity.
O besity is associated with an increased risk of cardiovascular disease and type 2 diabetes mellitus and involves an expansion of adipose depots by an increase in cell size (hypertrophy) and cell number (hyperplasia) (1) . The latter process requires the differentiation of preadipocytes within the stromal vascular fraction into mature brown or white adipocytes capable of serving as a lipid storage reservoir and regulator of energy homeostasis (2) . Importantly, the expansion of fat mass by accumulation of small, metabolically healthy adipocytes may circumvent the development of insulin resistance and other complications of obesity (3, 4) . Thus, an understanding of the mechanisms regulating adipogenesis is critical to the development of novel approaches to treat and prevent the development of dysfunctional adipocytes in the setting of obesity.
Adipogenesis is tightly regulated by the temporal expression of a number of transcription factors, including CCAAT enhancer-binding protein (C/EBP) b and d, which drive the expression of peroxisome proliferator-activated receptor g (PPARg) and C/EBPa (5) . This process has been studied extensively in vitro using mouse embryonic fibroblasts (MEFs) or immortalized preadipocytes, such as 3T3-L1 cells. These cells can be induced to differentiate with an adipogenic cocktail containing several hormonal stimuli, including dexamethasone (DEX), a synthetic glucocorticoid (GC). This treatment results in the accumulation of triglyceride (TG) and the formation of mature adipocytes. The metabolic effects of GC signaling are mediated by the GC receptor (GR), a member of the nuclear hormone receptor family of transcription factors.
GC signaling has been implicated in the regulation of in vitro adipogenesis on the basis of (1) the central role of DEX in inducing C/EBPd expression in preadipocytes and (2) the role of GR, along with C/EBPb, in promoting increased expression of PPARg via epigenetic modifications that facilitate enhancer activity (6) (7) (8) . In vitro adipogenesis is impaired in wild-type (WT) MEFs after pharmacologic antagonism of GR and in preadipocytes and MEFs lacking GR expression via short hairpin RNA-mediated knockdown and isolation from GR-null mice, respectively (6, 9, 10) . Moreover, the function of GR within the context of in vitro adipogenesis is dependent on DNA-binding activity, as MEFs expressing a GR allele incapable of dimerization and DNA-binding demonstrated a similar defect in adipogenesis in vitro (9) .
Despite these in vitro findings, the role of GC signaling in in vivo adipogenesis is not well established because pups with global knockout of GR die soon after birth as a result of respiratory distress in the setting of lung immaturity (11) . Recently, no defect in adipogenesis was shown in in vivo brown adipocyte development despite cell-specific knockout of GR in skeletal muscle and brown adipose tissue (BAT) precursors (12) . Nevertheless, the role of GR in white adipose tissue (WAT) development has not been addressed.
We used several approaches to investigate the role of GR signaling in in vivo white adipocyte development. Importantly, we demonstrated that GR-null MEFs transplanted into WT mice and WT MEFs transplanted into adrenalectomized mice are capable of forming functional, albeit smaller, fat pads with reduced adipocyte size. Moreover, GR-GC signaling did not appear to significantly regulate the expression of adipocyte genes involved in endocrine function and lipid metabolism. These de novo fat pad studies are further supported by the presence of luciferase activity in the anatomic regions of a fat-specific luciferase reporter mouse correlating to early WAT depots in GR-null embryos, as well as the presence of perilipin-positive, early adipocytes within the inguinal WAT (IWAT) depots of GR-null embryonic day (E)18 embryos.
Material and Methods

Animals
Mice (Mus musculus) on the C57BL/6 background were used for generation of MEFs and MEF/fat pad transplant studies. The GR-null allele was generated by crossing actin-cre mice (13) with GR flox3/flox3 mice (14, 15) , followed by breeding out the cre transgene. GR Δ/Δ embryos were then produced by crossing GR Δ/+ male and female mice. For isolation of MEFs, appropriate genotype was confirmed by a rapid genotyping protocol specific for deletion of the GR allele.
Fat-glow mice were generated by crossing adiponectin-cre mice (16) on the C57BL/6 background with stop-flox luciferase mice on the FVB/NJ background (17) . GR-null fat-glow mice were generated by crossing male and female GR Δ/+ mice with a combination of cre and luciferase transgenes.
Animals were maintained in a temperature-controlled room (22°C) on a 12-hour light, 12-hour dark cycle. All animal work was performed according to the policies of the Animal Studies Committee at Washington University in St. Louis, Missouri. All mice were under approved protocol and were provided appropriate care while undergoing research that complied with the standards in the guide and the Animal Welfare Act.
MEF isolation
MEFs were prepared as described previously (18) . For in vitro adipocyte differentiation, MEFs were then diluted and plated. For subcutaneous injections, MEFs derived from the embryo of the appropriate genotype were pelleted by centrifugation at 1000 rpm for 5 minutes and then resuspended in ;150 mL phosphate buffered saline (PBS). MEFs from one embryo were injected into one host.
In vitro adipogenesis assay
MEFs were plated in hi-glucose Dulbecco's modified Eagle medium with 10% fetal bovine serum (HyClone) plus penicillin/ streptomycin and allowed to grow to confluence (day 0), which occurred within 3 days of plating. On day 3, MEFs were treated with various components of an adipogenic cocktail, including DEX (1 mM), insulin (5 mg/mL), 3-isobutyl-1-methylxanthine (IBMX; 1 mM), and troglitazone (15 mM). On day 6, MEFs were then treated with insulin (5 mg/mL) 6 troglitazone (15 mM), with the latter being included only when troglitazone was included in the original adipogenic cocktail. On day 9, the medium was changed to standard growth medium for an additional 2 to 3 days. Adipocytes were then fixed in 10% neutral buffered formalin, and neutral lipid content was assessed by Oil Red O (ORO) staining. Alternatively, RNA or TGs were extracted for downstream applications (see below).
In vivo MEF implantation
C57BL/6 mice were anesthetized via isoflurane administration. MEFs were delivered via subcutaneous injection to the tissue overlying the sternum in 150 mL of PBS. Fat pads were harvested at 8 weeks and preserved in either Trizol (Ambion) for RNA isolation or 10% neutral buffered formalin for histology. Adipocyte area was calculated using ImageJ software (National Institutes of Health) with the Adipocyte Tools macro.
TG assay
MEFs were differentiated, and TGs were extracted by addition of 1 mL of hexane:isopropanol (3:2). After evaporation, lipid was then resuspended in 200 mL of 1% Triton X-100 in chloroform. After an additional round of evaporation, solubilized lipid was then resuspended in 200 mL of water. TG levels were determined by Infinity Triglyceride Reagent (Thermo Fisher Scientific).
Adrenalectomy
Six-week-old male C57BL/6 mice were used for bilateral adrenalectomy (ADX). Ten days after surgery, staples were removed using isoflurane as anesthesia. Blood was collected from the tail vein 5 minutes after mice were awakened from anesthesia to elicit a peak in plasma levels of corticosterone (19) . Serum corticosterone levels were measured by enzyme-linked immunosorbent assay (Arbor Assays). ADX mice required 1% NaCl drinking water because of mineralocorticoid deficiency.
In vivo imaging of fat-glow embryos E18 fat-glow embryos were imaged using the IVIS in vivo imaging system (PerkinElmer). Pregnant female mice were injected with 150 mg/kg of luciferin (Xenogen) and anesthetized with isoflurane after 5 minutes for subsequent bioluminescent imaging. Pregnant female mice were then euthanized. Embryos were harvested, injected with an additional 50 mL of luciferin (15 mg/mL), and subjected to bioluminescent imaging.
Quantitative real-time polymerase chain reaction
Fat pads were homogenized using the TissueLyser II (Qiagen), and RNA was extracted using the RNeasy Lipid Tissue Mini Kit (Qiagen). For differentiated adipocytes in culture, RNA was extracted using TRIzol Reagent (Ambion). Any genomic DNA contamination was removed by TURBO DNA-free Kit (Thermo Fisher Scientific). Complementary DNA was prepared by using an iScript cDNA Synthesis Kit (Bio-Rad). Realtime polymerase chain reaction (RT-PCR) was performed by Power SYBR Green PCR Master Mix (Applied Biosystem) in a MicroAmp Optical 384-Well Reaction Plate (Applied Biosystem) using the ViiA 7 Real-Time PCR System (Applied Biosystem). Relative gene expression was determined by the DDC t method using cyclophilin A as a reference gene. Primers were designed with qPrimer Depot. Forward and reverse primer sequences used are listed in Supplemental Table 1 .
Immunofluorescence
For perilipin immunofluorescence, paraffin-embedded tissue sections from WT and GR-null E18 embryos were deparaffinized, rehydrated, and placed in citrate buffer, pH 6.0, at 90°C for 20 minutes for antigen retrieval. Sections were then permeabilized in 0.2% Triton X-100 in PBS and blocked in 10% donkey serum in 0.1M of Tris-HCl (pH 7.4), 0.15M NaCl, and 0.05% Tween 20 (TNT buffer). Slides were incubated overnight at 4°C with antiperilipin antibody (Progen) and diluted 1:400 in TNT/2.5% donkey serum, followed by incubation for 1 hour at room temperature with fluorochrome-conjugated secondary antibody anti-guinea pig immunoglobulin G-Cy3 (Jackson), diluted 1:200 in TNT. Sections were then counterstained with 4 0 ,6-diamidino-2-phenylindole (1 mg/mL), and slides were mounted in aqueous mounting medium. Digital images were obtained with an Olympus FV1200 confocal microscope.
Western blot analysis
The protein expression of GR in WT and GR-null MEFs was determined by Western blot analysis. Protein lysates were prepared in radioimmunoprecipitation assay buffer (Sigma) with protease/phosphatase inhibitor cocktail (Roche). Primary antibodies against GR [Research Resource Identifier (RRID): AB_11179072; Cell Signaling] or actin (RRID: AB_10694076; Cell Signaling) and secondary goat anti-rabbit horseradish peroxidase-conjugated antibody (Invitrogen) were used. Immunoreactivity was visualized by enhanced chemiluminescence detection (Pierce).
Reporter assay
A GR response element (GRE)-luciferase reporter (specifically mouse mammary tumor virus-luciferase; kind gift of Keith Yamamoto) and SV40-renilla reporter were used to assess DEXmediated GR transcriptional activity in WT and GR-null MEFs. MEFs were isolated as described previously, and transfections were carried out using TurboFect transfection reagent (Thermo Fisher Scientific). After a 4-hour incubation with DNATurboFect complexes, cells were supplied with fresh growth medium containing vehicle or 100 nM of DEX. Cells were harvested ;24 hours after transfection in reporter lysis buffer (Promega). The Dual-Luciferase Reporter Assay System (Promega) was used to assay firefly and renilla luciferase. Firefly luciferase relative light units were normalized to renilla luciferase relative light units to obtain a normalized measure of GR transcriptional activity.
Statistical analysis
All data are presented as mean 6 standard deviation and were analyzed by the unpaired two-tailed Student t test for comparisons of two groups and one-way analysis of variance or two-way analysis of variance for comparisons of multiple groups. P , 0.05 was considered significant.
Results
Validation of GR deletion in MEFs
Because GR-null mice die in the early postnatal period as a result of impaired lung maturation (20) , the role of GC signaling in adipocyte development has been difficult to dissect. Many of the models presented in this study rely on the isolation of GR-null (GR Δ/Δ ) MEFs. Western blot analysis and quantitative RT-PCR demonstrated the absence of both GR transcript and protein in MEFs isolated from GR-null embryos [ Fig. 1(a) and 1(b) ]. To confirm the functional absence of GR in GR-null MEFs, we used GRE-luciferase reporter assays to measure GCstimulated GR transactivation in WT and GR-null MEFs treated with either vehicle or 100 nM of DEX, a synthetic GC. In WT MEFs, DEX treatment resulted in an approximately fourfold increase in GR transactivation, whereas in GR-null MEFs, GR transactivation was abolished, thus confirming the absence of functional GR protein [ Fig. 1(c) ]. Basal levels of GRE-luciferase activity were also lower in GR-null cells than in WT cells.
GR signaling enhanced in vitro adipogenesis
We treated WT and GR-null MEFs with variations of an adipogenic cocktail [insulin and IBMX (IX); DEX, insulin, and IBMX (DIX); DIX and troglitazone (DIXg)] to determine the requirement of GC signaling in adipogenesis in vitro. At the end of the differentiation protocol (day 12), cultures were stained for neutral lipid content with ORO to assess for the presence of mature adipocytes [ Fig. 2(a) ], and TG content was measured by colorimetric assay with the Infinity Triglyceride Reagent [ Fig. 2(b) ]. With IX treatment, low-level adipogenesis occurred independently of GR status, and TG content did not differ significantly between the two genotypes. The addition of DEX to the cocktail (DIX) resulted in a substantial increase in ORO staining in WT MEFs, which correlated with an ;2.2-fold increase in TG content. This finding was not observed in GR-null MEFs.
Lastly, the addition of troglitazone, a PPARg agonist, to the cocktail (DIXg) resulted in a small increase in ORO staining in WT MEFs treated with DIXg compared with DIX, though this finding was not confirmed with measurement of TG content. Interestingly, an increase in ORO staining was observed in GR-null MEFs treated with DIXg compared with DIX, which correlated with a twofold increase in TG content between these groups. A similar trend was observed when analyzing gene transcript levels of the adipokines adiponectin and leptin by quantitative RT-PCR [ Fig. 2(c) and 2(d) ]. There was a low level of expression of adiponectin in WT IX-treated cells, which was greatly increased with the addition of DEX to the WT culture only, and the final addition of TZD increased expression in both WT and GR-null cultures.
Taken together, these data suggest that low-level adipogenesis occurs in the absence of GR and GCs and that the augmentation of adipogenesis in the presence of GCs requires GR expression. Furthermore, adipogenesis may be accelerated in the absence of GR with the addition of a PPARg agonist, which presumably results in activation of a more terminal step in the adipogenic cascade.
We next aimed to determine the consequences of GC-GR signaling blockade on the gene expression of major regulators of lipid metabolism [sterol regulatory elementbinding transcription factor 1 (SREBP1c) and fatty acid synthase (FASN)] and adipocyte development (C/EBPa, C/EBPb, C/EBPd, and PPARg) in MEFs at an early time point in the differentiation protocol. Therefore, WT and GR-null MEFs were subjected to the variations of the adipogenic cocktail noted previously. The protocol was terminated on day 6 (of 12), and RNA was extracted for measurement of gene transcript levels. Consistent with the observation that IX-treated MEFs demonstrated low levels of GR-independent adipogenesis [ Fig. 2 (a) and 2(b)], expression of terminal transcriptional regulators of adipogenesis (C/EBPa and PPARg) and regulators of lipogenesis (FASN and SREBP1c) were significantly increased in IX-treated GR-null and WT MEFs (Fig. 3) . The addition of DEX to the adipogenic cocktail (DIX) resulted in a GR-dependent increase in expression of both early (C/EBPa and C/EBPb) and terminal (C/EBPa and PPARg) transcriptional regulators of adipogenesis. As expected, expression levels of FASN and SREBP1c were upregulated in a concordant manner (Fig. 3) .
MEFs are capable of fat pad formation in vivo in the absence of GR or GCs
To test the role of GC-GR signaling in in vivo adipogenesis, we conducted two complementary experiments. In the first, WT and GR-null MEFs were isolated and injected into the subcutaneous tissue overlying the sternum of syngeneic C57BL/6 mice. Fat pads were harvested after 8 weeks. We observed fat pad development in 100% of animals injected with either WT or GR-null MEFs (n = 8 per group). Fat pads derived from GR-null and WT MEFs appeared histologically similar [ Fig. 4 (a) ], but GR-null fat pad weight and average adipocyte area were both reduced by ;50% [Fig. 4(b) and 4(c) ].
In the second experiment, we aimed to eliminate the ligand rather than the receptor. C57BL/6 mice underwent either sham procedure or ADX, and then WT MEFs were injected into the subcutaneous tissue overlying the sternum of syngeneic C57BL/6 mice 2 weeks later. Corticosterone is the primary circulating active GC in rodents, and plasma levels are high after awakening from isoflurane anesthesia (19) . In sham operated animals, circulating corticosterone levels were 166.9 ng/mL after anesthesia administration, but circulating corticosterone was undetectable in ADX mice [ Fig. 5(a) ]. Consistent with our findings with GR-null-derived fat pads, histologically similar fat pads developed in 100% of sham and ADX host animals (n = 5, sham; n = 8, ADX) [ Fig. 5(b) ]. In ADX animals, fat pad weight was reduced by 55% and adipocyte area was reduced by 52% [ Fig. 5(c) and 5(d) ].
To better characterize these fat pads, we analyzed the expression of adipocyte-specific genes associated with adipose endocrine function and lipid metabolism, including PPARg, FASN, SREBP1c, adiponectin, and perilipin. Target gene expression from IWAT served as a positive control and was normalized to 100%. Importantly, no significant difference in target gene expression was observed among endogenous IWAT, de novo fat pads derived from WT MEFs in ADX host animals, and de novo fat pads derived from GR-null MEFs and WT MEFs in WT host animals (Fig. 6) . Of note, GR-null fat pads demonstrated low but detectable levels of GR expression compared with WT fat pads, most likely because of the presence of nonadipocyte cells derived from the WT host within the fat depot. Taken together, these data suggest that although intact GC-GR signaling may enhance MEF-derived de novo fat pad development, it is not essential for fat pad development or expression of genes critical for adipocyte function.
GR-null embryos demonstrated no defect in the development of primitive adipose depots
Next, we aimed to identify primitive WAT depots in E18 embryos to determine whether GR expression affects early adipocyte development. First, we used an adipocytespecific luciferase reporter mouse (fat-glow mouse), in which cre-mediated excision of a floxed STOP cassette upstream of a luciferase reporter was targeted to the adipocyte by selective expression under the adiponectin promoter. Because adiponectin expression in mice was observed at E16.5 (21), we predicted that luciferase activity would be observed in early WAT and BAT depots. Fat-glow GR Δ/+ mice were crossed with GR Δ/+ mice to generate fat-glow GR +/+ and GR Δ/Δ embryos. Embryos were harvested at day E18, and bioluminescence was measured after administration of luciferin. Fat-glownegative embryos demonstrated no luciferase activity. Consistent with our GR-null fat pad data, luciferase activity was observed in the anatomic locations corresponding to BAT and WAT depots in both WT and GR-null E18 embryos [ Fig. 7(a) ].
Hong et al. (22) recently identified early lipid-lacking, perilipin-positive, and adiponectin-positive adipocytes in E16.5 mouse embryos. Therefore, to further assess the presence of adipocytes, WT and GR-null E18 embryos were fixed, embedded in paraffin, and sectioned along the coronal plane. Perilipin (PLIN1, a lipid dropletassociated protein specific to adipocytes) staining was assessed by immunofluorescence as previously performed by Hong et al. (22) and was found to be present in both BAT and early IWAT depots in WT embryos. Importantly, GR-null embryos also demonstrated perilipinpositive early adipocytes in similar numbers and pattern as WT embryos [ Fig. 7(b) ]. Taken together, these data confirm that GR expression is not required for the development of early BAT and WAT fat pads.
Discussion
Obesity is associated with increased risk of type 2 diabetes mellitus, metabolic syndrome, coronary artery disease, and some malignancies. Thus, an understanding of the mechanisms associated with adipose development and expansion is imperative. GC signaling has been implicated in fat development and function. In humans, clinical excess of exogenous and endogenous GCs drives the expansion of visceral adipose tissue, resulting in insulin resistance, while also resulting in wasting of peripheral subcutaneous adipose depots. Although the depot-specific action of GCs is not entirely understood, it appears to be in part related to enhanced activity of lipoprotein lipase activity, the availability of specific transcription factors within the visceral adipose depot, and the enhanced capacity of visceral adipose tissue to generate locally active GCs (23) (24) (25) .
Further evidence for a critical role for GC signaling in adipose development has been largely based on in vitro adipogenesis assays, indicating a requirement of GCs to form mature adipocytes and impaired adipogenesis in GR-null MEFs and preadipocytes (9, 10, 26) . Additional studies have noted the role of GC signaling in the induction of transcription factors required for adipogenesis (6) (7) (8) . Assessment of the role of GR-GC signaling in in vivo embryonic adipogenesis has been difficult to study because of postembryonic lethality in GR-null mice (11) . However, Park and Ge (12) recently deleted GR in vivo in brown adipocyte precursors and demonstrated no defect in BAT development. Nevertheless, the role of GR in embryonic WAT development in vivo remained unclear. Indeed, Wang et al. (27) demonstrated that the requirement for specific transcription factors in adipogenesis may vary with adipose depot as well as maturation status (adult vs embryonic), highlighting the need for completion of the studies outlined in this report. Previous studies from our laboratory and others have demonstrated that the elimination of GR in mature adipocytes by expression of cre recombinase under the control of adiponectin, has minimal or no effect on fat mass expansion in chow-or high-fat diet-fed animals (28-31), suggesting little contribution of GR in the regulation of adult fat mass expansion. This is an interesting point because deletion of other adipogenic mediators such as PPARg and the insulin receptor in mature adipocytes (using the same adiponectin-cre driver) leads to severe loss of adipose tissue (32, 33) . Therefore, to address the role of GR in embryonic development of WAT, we initially focused our efforts on the development of a tissue-specific knockout of GR in white adipocyte precursors by crossing GR flox3/flox3 mice (14, 15) with mice expressing cre recombinase under the control of pdgfRa (34), prx1 (35) , or pparg (36, 37) regulatory elements.
Unfortunately, knockout of GR in WAT precursors was not successful, prompting us to test the effects of GR deletion utilizing several alternative in vivo methods. We first demonstrated that MEFs are able to form de novo fat pads despite lack of either GR or GCs. Although a reduction in fat pad size and adipocyte area in response to GR deletion and GC ablation was observed, WT and GR-null fat pads demonstrated strikingly similar transcriptional profiles. One potential drawback of the ADX experiment is that it is possible E14 MEFs are already committed to adipogenesis before transplantation. However, this caveat does not apply to the experiment transplanting GR-null MEFs. Because those experiments used an indirect model of adipogenesis, we aimed to determine if GR expression was required for development of early WAT depots in late embryos in situ. Indeed, the presence of luciferase activity in anatomic locations consistent with early IWAT and the presence of perilipin-positive, early inguinal adipocytes in GR-null embryos confirmed that WAT depots develop in the absence of GR expression. Thus, in this report, we demonstrated that GR expression is not required for the development of embryonic WAT depots and that adipocyte precursor cells are capable of forming fat pads in the absence of GC signaling.
These results contradict current dogma regarding the role of GC signaling in adipose development and necessitated the use of several complementary approaches because of the inability to eliminate GR in WAT precursors. Nevertheless, our findings are consistent with a recent report by Park and Ge (12) , who successfully deleted GR in brown adipocyte precursors in vivo. The authors further demonstrated that after a prolonged in vitro adipogenesis protocol (21 days), the adipogenesis defect between WT and GR-null white and brown preadipocytes was attenuated, most likely because of an early role for GR in driving the expression of regulatory transcription factors 3 days after initiation of the adipogenesis protocol. In our studies, we confirmed a GR-dependent increase in the expression of C/EBPa, C/EBPb, C/EBPd, and PPARg in response to DEX administration 6 days after initiation of the adipogenesis protocol. Thus, GC-GR signaling may not serve as a critical regulator of adipogenesis; instead, it may augment and accelerate the process, particularly during short-term experiments performed in vitro.
Fat pad size was reduced in response to both ADX and deletion of GR, despite an overall similar histological appearance between these distinct groups of fat pads. Adipocyte area was reduced as well, suggesting that a change in adipocyte size rather than number was responsible for the reduction in fat pad size. This finding would further argue against a defect in in vivo adipogenesis. Instead, the primary role of GC signaling in this process may be to regulate TG metabolism. It is well established that GCs are capable of regulating both lipolysis and lipogenesis and in some cases may simultaneously drive both processes within the same adipose depot (38) (39) (40) . In the case of de novo fat pad formation, the absence of GC signaling may result in impaired lipogenesis, thus contributing to decreases in adipocyte area and fat pad size.
Lastly, it is worth considering a role for the mineralocorticoid receptor (MR), rather than GR, in driving adipose development. This possibility has been debated extensively in the literature, and results tend to differ on the basis of cell culture model. Caprio et al. (41) demonstrated very low levels of MR expression in 3T3-L1 preadipocytes. Moreover, expression increased with differentiation, and small interfering RNA-mediated knockdown of MR, but not GR, impaired differentiation of 3T3-L1 cells into mature adipocytes. On the other hand, Lee and Fried (10) demonstrated that in primary cultured human preadipocytes, MR levels did not change with differentiation, and small interfering RNA-mediated knockdown of GR, but not MR, blocked differentiation in preadipocytes.
Although the studies presented here demonstrate that GR is not required for adipogenesis in vivo, they do not directly address the role of MR in this process. GR-null embryos examined in the E18 imaging studies may in fact have elevated plasma corticosterone levels as a result of excessive adrenocorticotropic hormone production secondary to loss of GR-mediated negative feedback at the level of the hypothalamus and pituitary. Indeed, Cole et al. (20) demonstrated that corticosterone levels were approximately 2.5-fold higher in GR-null E18.5 mice than in WT littermates, suggesting significant dysregulation of the hypothalamic-pituitary-adrenal axis in these animals. Thus, corticosterone excess in GR-null E18 embryos may result in hyperactivation of MR, thereby contributing to embryonic adipogenesis in these GR-null embryos. However, if MR contributes significantly to in vivo adipogenesis, either as a primary regulator of the process or in a compensatory role in GR-null embryos, one would expect that elimination of corticosterone altogether would block adipogenesis. Importantly, our data do not support this hypothesis. In our de novo fat pad model in which we injected WT MEFs into ADX host animals, which lack the ligand for both MR and GR, fat pads developed in both sham and ADX animals, suggesting that co-elimination of GR and MR signaling is permissive for in vivo fat development. Further studies examining MR-null mice for the presence of adipose tissue will address this issue conclusively. 
